Accelerated carbonation of BOF slag in an RPB is a viable method for CO 2 capture due to its high mass transfer rate. However, the process chemistry of carbonation of BOF slag is not well-determined due to their complex compositions. In this investigation, the quantitative X-ray diffraction was utilized to determine the mechanism of carbonation reaction in an RPB. Rietveld refinement, which aims to minimize the difference between the experimental and refined XRD patterns by a least-square procedure, is performed to quantify the crystallized mineral. In addition, changes of physico-chemical properties of BOF slags before and after carbonation were evaluated.
Introduction
Carbon capture from flue gas generated in industries or power plant can be implemented by many post-combustion methods such as amine solution absorption, alkaline solid waste adsorption, and membrane separation [1] [2] . Accelerated carbonation of alkaline solid wastes such as steelmaking slag is one of the available and safe CCU (carbon capture and utilization) technologies due to the permanent storage of CO 2 in forms of carbonates, in absent of acid [2] . The carbonated steelmaking slag could also be used for various applications, predominantly for concrete aggregate, green construction materials and road base. In our previous studies, carbonation of steelmaking slags including ultra-fine (UF) slag, flyash (FA) slag, blended hydraulic slag cement (BHC), and basic oxygen furnace (BOF) slag were performed by various types of reactor such as a slurry reactor [3] , autoclave reactor [4] , and rotating packed bed (RPB) [5] .
Comparison of the results with our previous studies, a maximum conversion of BOF slag of 93.5% was achieved in a RPB with a reaction time of 30 min and a rotation speed of 750 rpm at 65 o C, a CO 2 partial pressure of 14.7 psig and a particle size of 63 m [5] . The major factors that affected the conversion were reaction time (1 min to 20 min), rotating speed (500 rpm to 1250 rpm), and temperature (25 o C to 65 o C). According to the experimental results, the optimal liquid-to-solid (L/S) ratio was found to be 20:1 (mL g -1 ). In addition, calcite (calcium carbonate), with a size of 1 to 3 morphology, was identified as the main product in carbonation reaction according to the SEM-EDX and XRD observations, which are consistent with the literature [3] [4] 6] . In addition, it was observed that both a chemical and physical change in the steelmaking slag properties after carbonation, which could be beneficial for subsequent uses. It was thus concluded that accelerated carbonation of the BOF slag in an RPB is a viable method for CO 2 capture due to its higher mass transfer rate and carbonation conversion. However, the process chemistry of the carbonation of BOF slag is not well-determined due to the complex mineral components in a BOF slag.
In this investigation, the quantitative X-ray diffraction (QXRD) was utilized to determine the mechanism of carbonation reaction of BOF slag in an RPB. Since the above measurements only provide a qualitative mineralogy of the BOF slag, the Rietveld refinement, which aims to minimize the difference between the experimental and refined XRD patterns by a least-square procedure, is performed to quantify the crystallized mineral of BOF slag under different carbonation time after identifying it. The measurements of the carbonated material by the TGA and SEM-EDX instruments provide additional information verifying the reliability of the results obtained from the Rietveld method.
Materials and Methods
The BOF slag was supplied by China Steel Corporation (Kaohsiung, Taiwan). The experimental setup for carbonation could be found in the literature [3] [4] [5] . The carbonation products were determined quantitatively with thermo-gravimetric analysis (TGA) and analyzed qualitatively by scanning electron microscope with energy dispersive X-ray spectroscopy (SEM-EDX) and X-ray diffraction (XRD). However, accurate analysis of the content of calcium carbonate in BOF slag is a difficult task due to the complex composition of the BOF slag.
Rietveld method has been proven as a powerful tool for crystal structure refinements and quantitatively analysis [7] [8] based on X-ray diffraction pattern. In addition, the Rietveld method which does not change the state of samples like chemical methods and TG could avoid the side-reactions with ambient conditions. In this study, the QXRD by the Rietveld method was carried out by the GSAS with EXPGUI program. The crystal structures used to interpret the powder patterns were taken from the Inorganic Crystal Structure Database (ICSD).
The XRD diffraction data of the BOF slag samples were obtained by Bruker D8 Advance (as shown in Fig. 1.) 20-80 o range, with the counting time of 7.8 s and the step width of 0.01 o . The parameters optimized were: background coefficients, cell parameters, zero-shifting error, peak shape parameters, and phase fractions. In addition, Figure 2 shows the particle size distribution (PSD) of the fresh BOF slag as received base. A total of 100 grams BOF slag was sieved. The results indicated that the particle size range of most BOF slag was wither 125-350 or smaller than 125 . Fig. 2 . Particle size distribution of the fresh BOF slag as received base
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Physico-chemical Properties of Fresh BOF slag
Mechanism of Carbonation Reaction
The mechanism of carbonation reaction of BOF slag was evaluated by the XRD pattern. The mineralogical characterizations of fresh and carbonated slag were performed by using XRD as shown in Fig. 3 and 4 , respectively. It is assumed that carbonation is accomplished by hydration of reactive calcium species in the BOF slag (e.g., free-CaO, Ca(OH) 2 , CaSiO 3 , Ca 2 SiO 4 , etc) at first and followed by precipitation of calcium carbonate. The experimental data were evaluated to determine the kinetics and process chemistry of carbonation reaction of BOF slag in an RPB. In contrast to the XRD results of fresh BOF slag, the XRD pattern of the carbonated BOF slags identified CaCO 3 as the primary phase. The amounts of the Portlandite (Ca(OH) 2 ), brownmillerite (Ca 2 Fe 1.014 Al 0.986 O 5 ), Poldervaartite (Ca(OH) 2 CaSiO 3 ), wollastonite (CaSiO 3 ) were found to decrease significantly after carbonation by Rietveld method.
Changes of Physico-chemical Properties before and after Carbonation
Carbonated samples exhibited a markedly different physical characteristics compared to the fresh samples. Figures 5 (a) and (b) show the pictures of fresh and carbonated BOF slags, respectively. The initial colour of the slurry was dark grey, and, in all cases, the colour of the slurry became lighter as the reaction proceeded. The colour of the reacted BOF slag sample, which resembled white CaCO 3 product, was much whiter than the fresh BOF slag sample.
The carbonation product, i.e., calcium carbonate, could be used to improve the quality of paper (e.g., whiteness, opacity, brightness, and colour) and replace some of the cellulose as a filler and coating pigment in plastics, rubbers, paints, and papers [9] [10] . On the other hand, the changes of physico-chemical properties of BOF slags before and after carbonation are shown in Table 2 . Carbonation reaction has three main effects on a material: an increase in surface specific area, changes in surface topography/particle shape, and a decrease in overall particle size and density. After carbonation with a reaction time of 30 min the density was 2.67 g cm -3 , while specific surface area increased from 8.35 m 2 g -1 to 26.21 m 2 g -1 . A decrease in overall particle size from a range of 1.5 to 31 observed. In addition, the reduction in porosity of the carbonated solid residues and the formation of reaction products on the surface of particles may hinder the further leaching of calcium ions from the solid matrix into liquid solution and lower the mass transfer rate, which is in good agreement with the finding reported by Uibu et al [11] .
Conclusions
Accelerated carbonation of steelmaking slag appears to be one of the most promising techniques for carrying out mineral storage of CO 2 in the steel manufacturing processes or other industrial facilities. In this study, the XRD results indicated that pure CaCO 3 formed in course of the carbonation. In addition, the reactive-species in BOF slag participated in the carbonation reaction were found to be Portlandite, brownmillerite, Poldervaartite, and wollastonite. On the other hand, the density of BOF slag was found to decrease after carbonation; while the BET surface area increased after carbonation. Future research work will be focused on the utilization potentiality assessment of the carbonated BOF slags.
